Groundwood pulping is an industrial process with a high energy demand, although only a minor part of the energy is used for actually separating the fibres and the rest for working them. Traditionally, the separation process employs a grinding stone having particles embedded in a softer matrix. The position and distribution of the particles have been random, causing their interaction with the wood to also be random. This makes studies of the mechanisms during the separation process difficult. Knowledge of the mechanisms in the separation process helps when designing future tools aimed at energy efficiency or tailored fibre properties. Recently, grinding surfaces having diamond particles brazed to a steel backing at fixed positions have been developed and commercialised. In this work, individual particles are not positioned at the tool surfaces. Instead, well-defined structured diamond films, soldered to a backing, are used as grinding tools. The grinding asperities of such films can be tailored to shapes that are not possible to achieve by using particles. Using this kind of tool in a lab scale grinding equipment, confirms the well-known fact that increased load or increased temperature both lead to lower energy consumption for fibre separation and longer, less damaged fibres.
Introduction
Mechanical pulping is a process where wood is reduced to pulp through mechanical interactions with a tool. One group of such processes is the groundwood pulping processes, where logs of wood are pressed onto a rotating grinding stone. These industrial processes have a high energy demand, but it has been shown that most of this energy is spent on other adjacent processes, rather than on the desired separation and fibrillation of the wood fibres [1] [2] [3] [4] [5] [6] [7] [8] .
One such effect is reported to be viscoelastic losses when the tool topography compresses the wood during grinding, which have been studied by using a model steel wheel [9] . On the other hand, the tool topography is also believed to cause local fatigue that contributes to defibration. The influence of different surface topographies on the balance between these two phenomena has been studied [10, 11] in order to reduce the energy consumption. The topography has also been predicted by modelling to influence the energy lost in undesired work [12] . In practice, conventional grinding stones are indeed sharpened and textured using different burrs to affect the surface texture and topography. The surface grooves produced in this way have been shown to affect the grinding process [2, [13] [14] [15] and they can to some extent be controlled to change the type of pulp produced [13, 16] . With more detailed knowledge on how to design and tailor grinding tools, the fraction of the energy spent on separation and fibrillation in groundwood pulping can likely be further optimised.
Studies of the initial interactions between tool asperities and wood have shown that the mechanisms for initiating fibre separation are present already after brief contact [8, 17, 18] . It is well known that process parameters, such as temperature and grinding pressure, are important in grinding. An increase in temperature softens the constituents of the wood, in particular the lignin and the hemicellulose in the temperature range of the grinding processes, and facilitates the fibre separation, making the pulping processes more energy efficient. Performing the grinding in pressurized steam conditions, as in pressure groundwood pulping (PGW), makes it possible to use temperatures higher than those achievable in stone groundwood pulping and reduces the specific energy consumption further [19] . The load on the wood logs, or the grinding pressure, affects the interaction between the grinding tool and the wood. A threshold is reported to exist, i.e. a certain grinding power is needed, to reach efficient defibration [20] . Increasing the grinding pressure in a PGW process further, above this threshold, reduces the specific energy consumption.
As in industrial grinding, most studies of the grinding process use a grinding stone made of grinding particles embedded in a softer matrix. This dictates the interaction between the wood and the stone. particles influence their contact area against the wood. Sharp grits are more likely to cause undesired damage to the fibres. Round grits produce less cut fibres [6, 13, 14, 17, 21] , but at the cost of necessitating a higher grinding force to keep the production rate high, which increases the energy consumption [13, 14, 22] . Some work has been done on how to improve the grinding process by avoiding the random placement of grinding elements and instead accurately distribute and position particles in a grinding tool surface [23] . In fact, grinding segments where diamond grits are brazed to a surface at predefined positions have recently been commercialised [24] and have been shown to reduce the energy consumption during grinding compared with conventional grinding stones [25, 26] . Grinding surfaces with an even more well-defined surface have been produced for shaping other materials [27] . This work employs such very well-defined grinding surfaces to investigate the influence of load and temperature in the grinding process. New possibilities of promoting desired mechanisms are achieved by combining this kind of well-defined tools and tuning of the process parameters.
Method
The grinding experiments, made with a setup similar to a lathe, were performed inside a pressure chamber to achieve an atmosphere resembling that in industrial groundwood pulping. Inside the chamber, water was heated by a resistive heater, creating a steam atmosphere. The chamber was heated before each test to reach the desired temperature, typically an hour. The chamber was designed for pressures up to 7 bar, corresponding to a maximum temperature of 170°C. During a test, a cylindrical wood specimen (up to 85 mm in diameter and 120 mm long) was rotated and a grinding tool is pressed against it by a spring loading mechanism, schematically shown in Fig. 1 . The grinding created a track along the circumference of the wood specimen, which was measured and used to calculate the removed fibre volume. The tool holder was equipped with force sensors, allowing measurements of the normal and tangential forces on the grinding tool. The tests were kept short in order to minimize influence on the measured forces from wearinduced changes in the tool holder position. More information on both the experimental setup and the analysis procedure can be found elsewhere [28] .
Norway spruce was used as wood specimen and the position for each test was selected to avoid knots in the wood. A monolithic nanocrystalline diamond tool surface, 5 × 5 mm, having a high density of short ridges was used, Fig. 2 . The ridges constituted almost 50% of the tool surface. Each ridge base was about 260 μm long and 90 μm wide and the height of each ridge was 65 μm. This means that the ridge height was not much higher than a wood cell diameter. The normal forces were selected after preliminary tests, showing that the load range was large enough to give rise to different separation mechanisms.
Grinding experiments were run with the following parameters: Multiple tests were run in sequence on the same wood specimen, with a shift in position along the wood between the tests. When all tests on a specimen had been run it is dried in lab atmosphere, i.e. 20°C and about 50% RH. Afterwards, the different wear tracks were separated and cut into segments for analysis. The specific section analysed was the position of the track where the annual rings faced the grinding tool perpendicularly, see Fig. 3 .
Computed tomography (μCT) was used to measure the cross sectional area of the removed fibres in each track. For each track, a median track area was calculated from a total of 50 measurements made over a 2 mm long section centred on the position pointed out in Fig. 3 .
Scanning Electron Microscopy (SEM) was employed to investigate the mechanisms of fibre separation in the tracks after grinding and to judge the characteristics of the removed fibres. The wood pieces and the removed fibres were coated with a thin gold/palladium film to reduce the effects of surface charging during imaging.
The energy consumption during a test was calculated as the work, W, performed by the average tangential force, F T , over the total sliding distance during a test, according to Eq. (1),
(1) Fig. 1 . Illustration of the test setup mechanism. where ω is the angular velocity, r is the average radius of the wood piece, and t is the test time.
The volume of removed fibres, V, is calculated as the cross sectional area of the track, A, times the length of the circumference according to Eq. (2). The volume specific energy consumed during the test, E V , is given by Eq. (3).
In this work ω equals 2π rad/s and t is 120 s, so Eq. (3) can be rewritten as
Assuming a wood density, ρ, of 400 kg/m 3 the mass specific energy consumption, E m , can be written as:
Results
The measured tangential forces showed different trends depending on load and temperature. At the lowest load, 5 N, the tangential forces behaved similarly at 70°C and 90°C but it was significantly lower at 110°C. In Fig. 4a representative examples of force curves are shown for the three different temperatures. At 10 N, the tangential force was similar between the different temperatures, Fig. 4b . At the highest load, 20 N, the tangential force was highest at 70°C and lower in the experiments run at 90°C and 110°C, Fig. 4c .
The average tangential force during every one of the 27 tests, shown in Fig. 5 , show that there were some scatter even between tests run with the same parameters. The scatter was smallest at low temperature and increases with temperature.
The μCT cross sections of the tracks after grinding, see Fig. 6 , show that at low load and low temperature the removal of fibres was very small. With increasing load or increasing temperature it increased rapidly, especially with increased load. When comparing the removed fibre areas, see Fig. 7 where all 50 measurements are shown in all 27 tests, this increase is also evident.
The specific energy consumed during grinding, shown in Fig. 8 , was calculated from the average tangential force and the average area of the track where fibres have been removed using Eq. (5). The specific grinding energy was significantly lower at higher load or higher temperature.
SEM micrographs of the track after grinding show that different mechanisms dominate during grinding depending on the load and temperature used, see Fig. 9 . At 70°C, the fibre separation was less pronounced and mostly short fragments of fibres were removed. With increasing temperature, longer segments of fibres were being separated and the number of partly separated fibres present at the surface increased. This trend was present at all loads. In the tracks run at 110°C and a normal load of 20 N the surfaces showed only minor separation of the fibres in the surface, but the few fibres that were in the process of being removed were long. The micrographs of separated fibres and fibre fragments collected during the experiments, see Fig. 10 , further show that at low temperatures the majority of the removed volume has been made into fibre fragments and as the temperature was increased, longer fibre segments were separated. At low temperature there was also a tendency for the fragments to interact with each other and loosely rebond into bundles after the separation process, leaving a roll of fibre fragments. This was most prominent in the experiments run with 5 N load at 70°C.
Discussion
The fact that load and temperature can be used to change the pulp characteristics and the energy consumption is known for groundwood pulping. And the results in this study show similar effects when changing the load and temperature.
Rather large scatter is reported in Fig. 8 . This is partly due to variations when measuring the removed volumes at different positions in the track, as some measurements are made in earlywood and some in latewood. For low temperature and low load, the volumes are very small, making such variation more visible when the energy per volume is calculated. Two tests resulted in very high values of specific energy. This results from very small cross sectional areas when measured in CT and indicates that at low temperature and low load, defibration is not very energy efficient or possibly difficult to initiate. This is likely an effect similar to the grinding power threshold described in literature [20] . In the following, the general trends of the results are discussed, disregarding these outliers.
Energy consumption
During grinding, the tangential force needed to move the tool can be assumed to be the result of adhesive forces and ploughing (deforming) forces. Although it is it difficult to differentiate between the contributions from adhesion and ploughing, both forces would increase if the asperities penetrate deeper into the material. Higher temperatures soften the wood structure so that the tool asperities penetrate deeper into the wood. To that extent increasing the temperature would have the same effect as increasing the load, i.e. increasing the tangential force. But this is not the case, increasing the temperature at any given load actually decreases the tangential force.
This means a reduction of specific energy consumption was achieved as the temperature was increased, especially when going to 110°C. This was anticipated as the increase in temperature will also lower the strength of the middle lamella as the lignin softens, which lowers the amount of work needed to separate the fibres. The specific energy consumption decreased also as the load increased and that cannot be explained by a lowered strength of the middle lamella. This, and the fact that the ratio between tangential force and the applied load is disproportionately high for the lowest load at 70 and 90°C, indicate additional mechanisms are active in this reduction of the specific energy consumption.
Looking at the separated fibres in Fig. 10 , it is evident that a low load or low temperature causes a high degree of fibre fragmentation which requires energy. This means that the work needed to move the asperities has a contribution also from fragmentation of fibres. Probably this contribution dominates over the contribution from adhesion and ploughing at low load and low temperature. As fragmentation decreases at higher load, that contribution to the specific energy consumption is decreased. If also the strength of the lignin is reduced by increasing the temperature, the reduction of the specific energy consumption becomes even more striking.
There could be a third effect of the temperature; a global softening of the wood which would increase the viscoelastic losses as the wood is deformed in a large volume around the contact. This would increase the work needed when temperature is increased. As the work is reduced, rather than increased, the deformation is likely localized only to the surface zone of the wood.
Fibre characteristics
At 20 N load and at 110°C the separated fibres were very different from those formed in the tests at 5 N and 70°C. The reason for this is probably twofold, firstly the strength of the wood was reduced and secondly, the flexibility of the fibres was higher at the higher temperature, making it easier to remove fibres without fracturing them. Moreover, as the load was increased the volume of fibres affected by mechanical strains became larger, increasing the possibility that the fibres experienced cyclic strains contributing to fatigue long before coming into contact with the grinding tool.
Influence of alignment
Finally, the alignment between the wood structure and the highly ordered tool could have affected the results. Fig. 11a and b shows sketches of the two primary alignment angles. In all tests the in-plane angle, α, between the fibres and the tool ridges is controlled and kept close to zero. But the out-of-plane angle, β, has not been controlled but varies somewhat between the tests, typically between zero and just above 5°as judged from the μCT images. When plotting the angle β for the different track section areas, see Fig. 11c , it is tempting to conclude that β has a major influence as the most extreme value of β corresponds to the odd volume in the 20 N 110°C triplet. However, the difference in alignment does not influence the results systematically and the alignment is therefore not believed to have influenced the general results of this work. Comparing the angles in this work with those in the work by Saharinen et al. [29] and Heinemann et al. [30] , all tests in this work should be considered low angle tests, and the results shown in Fig. 9 are indeed very similar to the corresponding observations made by them.
Although the ridges in this work are all aligned close to parallel to the fibres, the arrangement of the asperities in nearly closed lines seems to have hindered the fibres to move out of the contact. A fair amount of fibre fragments instead got trapped in-between the lines, re-agglomerated and formed rolls of fragments, c.f. the images for 5 and 10 N at 70°C in Fig. 10 . Possibly, such trapping can be utilized when designing tools to control the work of individual fibres before they are fully released, offering a means to control the degree of fibrillation.
Conclusions
• As in industrial processes with conventional tools, the load and the temperature are crucial parameters also with the well-defined tools. Increasing either the temperature or the load affects the defibration Fig. 9 . Representative SEM micrographs of track surfaces after grinding. Fewer, but longer fibres are in the process of being separated as load and temperature increase. Fig. 10 . Representative SEM micrographs of collected fibres. Predominantly short fragments at low load and low temperature and longer fibre segments at higher load or higher temperature. mechanisms, decreases the energy consumption and changes the characteristics of the produced fibres.
• Predominantly short fragments of fibres are produced at low load and low temperature while long, largely undamaged fibres are produced as the load, the temperature or both are increased.
• With the tool used in this work short fragments tend to re-agglomerate before leaving the contact.
• The distribution of the surface asperities affects the rate at which the released fibres move out of the contact. This can possibly be used to control the amount of fibrillation of the fibres, before they leave the contact zone. Fig. 11 . Exaggerated angles of alignment between the fibres in the wood and the ridges in the grinding tool, seen from (a) above and (b) form the side corresponding to the view in Fig. 5 . Out-of-plane angle beta for the 27 tests (c).
